A micro-organism capable of growth on cyclohexane as the sole carbon source has been isolated from soil of an ash wood; the organism has been identified as a pseudomonad. Growth, respiration and enzymic studies with the organism are consistent with an oxidation route for cyclohexane proceeding via cyclohexanol, cyclohexanone, e-caprolactone, 6hydroxycaproate and adipate. Cell-free extracts of the organism grown on cyclohexane demonstrated cyclohexane hydroxylase activity which was found to be very labile, dependent on molecular oxygen and specific for NADH; the product of this reaction was identified as cyclohexanol.
INTRODUCTION
One of the most abundant natural cycloalkanes, cyclohexane, occurs in crude oil and as a structural component of many interesting and important molecules including cyclic terpenes, sterols and carotenoids. The growth of micro-organisms on cyclohexane was fitst reported by fmelik (1948); however, the recalcitrant nature of this compound was later demonstrated by the unsuccessful attempts of other groups to substantiate these results (Ooyama & Foster, 1965; Tonge & Higgins, 1974; Donoghue et al., 1976) . The possibility that cyclohexane was metabolized via a co-oxidation route, through a cycloalkanone, was proposed by Beam & Perry (1 973) and de Klerk & Van der Linden (1 974).
More recent work by Stirling et al. (1977) has demonstrated the ability of a Nocardia sp.
to grow on cyclohexane as the sole source of carbon. The route of oxidation was tentatively identified as cyclohexanol --f cyclohexanone -+ ecaprolactone + 6-hydroxycaproate. This route confirms the findings of Donoghue et al. (1976) working with substituted cycloalkanes, but contrasts with the report of Murray et al. (1974) who suggested that the metabolism of cyclohexanone required a further hydroxylation step to 2-hydroxycyclohexanone before ring cleavage occurred. The metabolism of cyclohexane by a pure strain of Pseudomonas has been elucidated in detail and is presented in this report.
Measurement of oxygen uptake. The oxidation of substrates by whole cells was measured using an oxygen electrode (Rank Bros, Bottisham, Cambs.) at 30 "C. Incubation mixtures contained (in 3 ml) 60 pmol phosphate buffer (20 m) pH 7-1, 2 pmol substrate and 20 pl cell suspension (5 mg total dry wt). Cyclohexane. methylcyclohexane, cyclohexene and cyclohexene oxide (2 11) were added directly to the incubation mixtures.
Enzyme CISS(I).'S. Cyclohexane hydroxylase activity was assayed by measuring the NADH.-dependent oxidation of cyclohexane in the oxygen electrode. Reaction mixtures contained (in 3 ml) 60 pmol phosphate buffer (20 mM) pH 7.1, 1.0 to 1-5 mg protein, 20pmol substrate and 1 pmol NADH.
Cyclohexanol dehydrogenase activity was assayed by the method of Donoghue et a!. (1976) . Reaction mixtures contained (in 1 ml) 20 pmol &cine/NaOH buffer (20 m~) pH 10*6,0-2 pmol NADf, 0.5 mg protein and 0.5 pmol cyclohexanol. The rate of NAD+ reduction was recorded by measuring the increase in absorbance at 340 nm using a Perkin Elmer SP1800 recording spectrophotometer. Cyclohexanone monooxygenase was assayed by recording the cyclohexanone-dependent oxidation of NADPH at 340 nm using the method of Norris 6-Hydroxycaproate dehydrogenase activity was assayed by measuring the increase in absorbance at 340 nm due to NAD+ reduction using the method of Donoghue et ul. (1976) . Reaction mixtures contained (in 1 ml) 20 pmol glycine/NaOH buffer (20 m) p H 10.4, 0.5 to 1.0 m g protein, 0 3 pmol NAD+ and 2 pmol 6-h ydroxycaproa te.
Estimation of enzyme pH optima. The effect of pH on enzyme-catalysed reactions was determined by using five different buffer mixtures, each at a concentration of 20 m, covering the pH range of 4 to 11.
Buffers used were: sodium acetate, sodium citrate, phosphate, Tris/HCl and glycine/NaOH. A pH overlap was allowed between each buffer change.
Ident@cation and determination of reaction products. Cyclohexanol and cyclohexanone were detected by gas-liquid chromatography (g.1.c.) (Perkin Elmer F33) using a 2 m column packed with 15 % (w/w) mbowax on Chromosorb W. Incubation mixtures were acidified with ~M-HCI and precipitated protein was removed by centrifugation. The supernatants were extracted with diethyl ether and concentrated extracts were used for g.1.c.; retention times of products were compared with those of authentic standards. e-caprolactone was determined by the procedure of alkaline hydroxamate formation followed by acidification conversion to the ferric hydroxamate and measurement of Asto as described by Cain (1961) . For thin-layer chromatography (t.l.c.), reaction products were converted to their hydroxamic acid esters, extracted with ethyl acetate and identified by comparison with the derivative of authentic ecaprolactone in the three t.1.c. systems of Griffin & Trudgill (1972) . 6-Hydroxycaproate and adipic acid were extracted from acidified incubation mixtures with diethyl ether and identified by comparison with authentic standards in the t.1.c. systems described by Donoghue et a/. (1976) .
Preparation of 6-hydroxycaproate. 6-Hydroxycaproate was prepared by alkaline hydrolysis of 6-caprolactone as described by Norris & Trudgill (1971).
RESULTS

?so Iation and growth studies
Soil samples from various areas around Nottingham were examined for cyclohexaneutilizing micro-organisms and several mixed cultures proved capable of sustained growth on this substrate. Purification of one of these mixed cultures revealed that two organisms were present, identified as a Pseudomonas sp. and a Microbacterium sp., but only the pseudo- monad was capable of growth on cyclohexane as the sole carbon source. The Microbacterium sp. was found to be a contaminant of the commercially available cyclohexane used and its full removal was only achieved by washing the cyclohexane in sodium hypochlorite (50: 50, v/v), distilling off the organic layer and then filter-sterilizing. The Microbacterium sp. could not grow on cyclohexanol and cyclohexanone. The pseudomonad was found to be capable of growth on cyclohexane, cyclohexanol, cyclohexanone, methylcyclohexane, cyclohexene oxide, n-hexadecane, benzene, 6-caprolactone, adipate and succinate. When grown on cyclohexane the organism had an adaptation period of 16 to 20 h with a mean generation time of 8 h.
Oxidation of substrates by whole cells
Washed cell suspensions of the pseudomonad grown on cyclohexane and succinate were investigated for their ability to oxidize cyclohexane and a variety of possible catabolic intermediates ( Table 1) . The organism was capable of oxidizing a number of cyclohexane analogues when grown on cyclohexane but succinate-grown cells had a limited ability for substrate utilization, only oxidizing cyclohexanone, e-caprolactone, 1,2-~yclohexanediol and adipate at very slow rates.
Oxidation of substrates by cell-free extracts
The incubation of cell-free extracts with cyclohexane and reduced pyridine nucleotides failed to stimulate increased oxygen consumption following various methods of cell disruption. Only when the disruption medium contained 10 % (v/v) glycerol prior to ultrasonication did an NADH-dependent consumption of oxygen occur in the presence of cyclohexane. No increase in oxygen consumption occurred over the normal NADPH oxidase activity when extracts were incubated with NADPH and cyclohexane. Cell extracts lost cyclohexane hydroxylase activity very quickly, and when stored at 4 "C lost all activity over a period of 24 h. The product of cyclohexane hydroxylase activity was identified as cyclohexanol by the procedures outlined in Methods. The activities and pH optima of a range of enzymes from cell-free extracts of cyclohexane-grown cells are listed in Table 2 .
Oxidation of cyclohexanol. Extracts of the cyclohexane-grown Pseudomonas sp. catalysed Table 3 .
Stoicheiometry of the NADPH and oxygen requirement for the oxidation of cyclohexanone in cell-jiree extracts of Pseudomonas sp. Stoicheiomtry of NADPH requirement
The reaction mixture contained (in 1 the stoicheiometric reduction of NAD+ in the presence of cyclohexanol at pH 10-6. The product of this reaction co-chromatographed with authentic cyclohexanone on g.1.c. Oxidation of cyclohexanone. The activity of cyclohexanone monooxygenase was demonstrated in cell-free extracts and found to be specific for NADPH. Investigations into the reaction stoicheiometry of this enzyme (Table 3 ) demonstrated that the oxidation of 1 pmol cyclohexanone was accompanied by the consumption of 0-95 pmol NADPH and 0.94 pmol oxygen, which is close to that theoretically required for a mixed function oxygenase. When cell-free extracts were incubated with NADPH and cyclohexanone the product of the reaction was identified as 6-hydroxycaproate by the t.1.c. systems described by Donoghue et al. (1976) . The presence of a lactone hydrolase converting the product of the oxygenase reaction to the corresponding hydroxy acid was investigated and confirmed (Table 2 ). This finding is in agreement with those of Stirling et al. (1977) for a cyclohexane-grown Nocardia sp. and Donoghue & Trudgill(l975) for cyclohexanol-grown Acinetobacter NCIB 9871.
Identi$cation of s-capro lactone as the product of cyclohexanone monooxygenase. Incubation of the 20000g supernatant with 12 pmol cyclohexanone, 13 pmol NADPH, 60 pmol sodium acetate buffer (20 mM) pH 4.8, and in the presence of 0-6 pmol of the esterase inhibitor Dichlorvos (2,2-dichlorovinyldimethyiphosphate) (total vol. 3 ml) yielded a product that when converted into its hydroxamic acid ester co-chromatographed with the derivative of e-caprolactone on the t.1.c. systems described in Methods. Oxidation of 6-hydroxycaproate to adipate. Incubation of cell-free extracts with 6hydroxycaproate and NAD+ under anaerobic conditions yielded a limited and nonstoicheiometnc reduction of NAD+ monitored by an increase in absorbance at 340nm. Addition of NADP+ to the reaction mixture did not cause any further increase in Am. The product of 6-hydroxycaproate oxidation, incubated under aerobic conditions thereby mediating NADH oxidase activity, co-chromatographed with adipic acid in the t.1.c. systems described by Donoghue et al. (1 976) .
DISCUSSION
The results reported here show the ability of a pure culture of a bacterium to utilize cyclohexane as a sole carbon source, a result which supports the findings of Stirling et al. (1977) . Initial work involved the isolation of a mixed culture capable of growth on cyclohexane. Subsequent separation of this mixed culture into a Pseudomonas sp. and Microhacteriiim sp. demonstrated that it was the Pseudomonas sp. which was responsible for the initial oxidation of the cyclohexane ring. This micro-organism could grow on a wide range of hydrocarbons including an aromatic hydrocarbon, a straight-chain hydrocarbon and cyclohexane derivatives. The identification of the micro-organism as a Pseudomonas sp. is of interest and may explain its wide growth specificity considering the broad spectrum of hydrocarbon-degrading plasmids which have been demonstrated in this genus (Chakrabarty, 1976) . Cyclohexane oxidation may be yet another example whereby enzymes necessary for its catalysis are coded for by extrachromosomal DNA. The enzyme and respiration studies are consistent with a catabolic route for cyclohexane involving an initial hydroxy-Xation to cyclohexanol and subsequent degradation via cyclohexanone +-6-caprolactone + adipic acid. Studies with cell-free extracts demonstrated no evidence for the presence in the catabolic route of 2-hydroxycyclohexanone or cyclohexan-1,2-dione, intermediates which might suggest direct hydrolytic cleavage of the cyclohexane ring.
The dependence on monooxygenation for ring cleavage has been demonstrated by the presence of a key lactone-forming monooxygenase and a e-caprolactone hydrolase. This would support the results of Norris & Trudgill (1971) and Donoghue & Trudgill (1975) for the oxidation of cyclohexanol by Nocardia globerula CLI and Acinetobacter NCIB 9871. The isolation of cyclohexane hydroxylase in cell-free extracts proved difficult to achieve ; the enzyme or enzyme complex was found to be very labile and soon lost its activity. This finding was also reported by Stirling et al. (1977) who failed to demonstrate enzyme activity in =&free extracts of cyclohexane-grown cultures of Nocardia sp. The study of the enzymic mechanism and properties of cyclohexane hydroxylation are presently in progress.
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